Severe hyperhomocysteinemia is associated with endothelial cell injury that may contribute to an increased incidence of thromboembolic disease. In this study, homocysteine induced programmed cell death in human umbilical vein endothelial cells as measured by TdTmediated dUTP nick end labeling assay, DNA ladder formation, induction of caspase 3-like activity, and cleavage of procaspase 3. Homocysteine-induced cell death was specific to homocysteine, was not mediated by oxidative stress, and was mimicked by inducers of the unfolded protein response (UPR), a signal transduction pathway activated by the accumulation of unfolded proteins in the lumen of the endoplasmic reticulum. Dominant negative forms of the endoplasmic reticulum-resident protein kinases IRE1␣ and -␤, which function as signal transducers of the UPR, prevented the activation of glucose-regulated protein 78/immunoglobulin chain-binding protein and C/EBP homologous protein/growth arrest and DNA damage-inducible protein 153 in response to homocysteine. Furthermore, overexpression of the point mutants of IRE1 with defective RNase more effectively suppressed the cell death than the kinase-defective mutant. These results indicate that homocysteine induces apoptosis in human umbilical vein endothelial cells by activation of the UPR and is signaled through IRE1. The studies implicate that the UPR may cause endothelial cell injury associated with severe hyperhomocysteinemia.
Severe hyperhomocysteinemia is a disease caused by homozygous deficiency of the gene encoding cystathionine ␤-synthetase or temperature-sensitive 5,10-methylenetetrahydrofolate reductase. It is inherited as an autosomal recessive trait, and this leads to marked elevations in the plasma concentration of homocyst(e)ine. Patients with the disease exhibit dislocation of the lens, mental retardation, skeletal deformities, and premature vascular atherothrombotic complications. Vascular events occur before the age of 30 years and are often fatal in childhood (1) . In fact, homocysteine causes endothelial cell injury when administered to baboons (2) or rats (3) or when added directly to cultured endothelial cells. Homocysteine also increases the procoagulant activity of endothelial cells by enhancing the expression of tissue factor and factor V (4, 5) , by reducing the production of activated protein C (6) , by causing the aberrant processing of thrombomodulin (7) and von Willebrand factor (8) , by inhibiting antithrombin III binding to anticoagulant heparan sulfate on the cell (9) , and by inhibiting tissue plasminogen activator binding to the cell (10) . Endothelial cells undergo programmed cell death (i.e. apoptosis) when they are exposed to several stimuli, such as tumor necrosis factor-␣ (11, 12) and oxidized low density lipoprotein (13, 14) , although the in vivo significance of this death remains controversial. Injured endothelial cells promote platelet adherence to the vessel wall and the subsequent formation of thrombi. They also attract macrophages and produce several cytokines and growth factors that promote the proliferation of vascular smooth muscle cells. Thus, injured endothelial cells significantly impair vascular function and trigger thrombogenic and atherogenic reaction cascades. In severe hyperhomocysteinemia, circulating endothelial cells have been detected (15) , indicative of endothelial cell death. This raises a possibility that endothelial cell damage by homocysteine plays a role in the vascular injury associated with this disease. However, at present, it remains unclear whether homocysteine induces endothelial cell death. Furthermore, we have limited knowledge of the signal transduction and gene regulation pathways responsible for homocysteine-induced endothelial cell injury.
Homocysteine is a thiol-containing amino acid and causes multiple effects through the reactivity of its sulfhydryl group. With the catalytic help of copper ion in serum, homocysteine produces reactive oxygen species and thus injures cells by oxidative stress (16 -19) . However, cysteine, which is present at a much higher concentration than homocysteine in vivo, is also capable of generating reactive oxygen species but does not cause endothelial cell injury (20, 21) . This argues that a stimulus other than an oxidative burst might mediate homocysteine-induced endothelial cell injury. Recently, it was reported that homocysteine failed to elicit an oxidative stress (22, 23, 24) , but increased expression of the endoplasmic reticulum (ER) 1 chaperone glucose-regulated protein 78/immunoglobulin chain binding protein (GRP78/ Bip) and of the non-ER-resident transcription factor C/EBP homologous protein/growth arrest and DNA damage-inducible protein (CHOP/GADD153). These two genes respond to agents or conditions that disrupt protein folding in the ER (22) (23) (24) (25) .
Tunicamycin, thapsigargin, and dithiothreitol are agents that disrupt protein folding in the ER and result in the accumulation of unfolded proteins to activate a signal transduction pathway called the unfolded protein response (UPR) (26) . This pathway can be mediated by the ER-resident transmembrane protein kinase IRE1 (27, 28) , which senses ER stress and transmits the UPR from the ER to nucleus. Overexpression of IRE1␣ and IRE1␤ induced transcription of GRP78 and CHOP (27, 28) and activated c-Jun NH 2 -terminal kinase (JNK) (29) , whereas a kinase-defective IRE1 down-regulated the UPR (27, 28) . In addition, overexpression of wild-type IRE1␤ induced apoptosis in the transfected cells (28) , and CHOP/GADD153 is implicated in G 1 /S arrest and programmed cell death (30, 31) . However, it is unclear whether the ER stress induced by homocysteine has functional significance in endothelial cell injury.
In this study, we investigated whether homocysteine causes endothelial cell death in vitro and examined the functional involvement of ER stress. Homocysteine induced cell death of HUVECs in culture, and this effect appeared to be mediated through the UPR by activation of the ER-resident transmembrane kinase IRE1.
EXPERIMENTAL PROCEDURES

Reagents-DL-Homocysteine
N-acetyl-L-cysteine, tunicamycin, thapsigargin, and dithiothreitol were purchased from Sigma. ␤-Mercaptoethanol was from nacalai tesque (Kyoto, Japan). A23187 and bovine liver catalase was from Wako Pure Chemical Co. (Osaka, Japan). zVAD-fmk, a broad spectrum caspase inhibitor, was from the Peptide Institute Inc. (Osaka, Japan). Rabbit antibodies against CHOP and ATF2 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-KDEL (anti-GRP78/94) monoclonal antibody was from StressGen (Victoria, Canada), and anti-CPP32 monoclonal antibody was from Transduction Laboratories (Lexington, KY). Monoclonal antibodies against HA and c-Myc epitope were from Roche Molecular Biochemicals (Germany) and Invitrogen (Groningen, The Netherlands), respectively. Mouse anti-human IRE1␣ antibody was as described (27) . Expression plasmid for the C-terminal deletion of human IRE1␣, pED-hIRE1⌬C, was as described (27) , and that for mouse IRE1␤, pmIRE1␤⌬C, was a generous gift from Dr. D. Ron (New York University, New York). Plasmid vectors for point mutants of IRE1␣ and IRE1␤ with defective RNase or kinase activity were as described (32) . pGRP78/Bip-luciferase plasmid was as described (27) and also provided by Dr. K. Mori (Kyoto University, Kyoto, Japan). pCHOP/GADD153-luciferase reporter plasmid was kindly supplied by Dr. N. Holbrook (National Institutes of Health, Baltimore, MD).
Cell Culture and Transient Expression-Primary human umbilical vein endothelial cells (HUVECs), human aortic endothelial cells, and human aortic smooth muscle cells (HASMCs), passages of 2-6, were obtained from Clonetics Corp. (San Diego, CA) and grown in EGM-2 medium (Clonetics) supplemented with 2% fetal bovine serum, 50 g/ml gentamicin, 50 ng/ml amphotericin, and a mixture of growth factors as in the supplier's instructions at 37°C in a 5% CO 2 humidified incubator. When the cells reached 70 -80% confluence, they were treated with the indicated concentration of homocysteine. For transient expression, plasmid DNA was vortex-mixed with an appropriate amount of SuperFect (Qiagen Inc., Chatsworth, CA) and transfected into HUVECs as described (33) . Under this condition, the transfection efficiency was 8 -12% when assayed using ␤-galactosidase expression plasmid.
TdT-mediated dUTP Nick End Labeling (TUNEL) Assay-The assay was performed using an apoptosis detection system from Promega (Madison, WI). HUVECs (4 ϫ 10 4 cells) grown in a chamber slide (LAB-TEK; Nalge Nunc International, Naperville, IL) and treated as described in the legends to Figs. 1A and 4A were fixed with 4% formaldehyde in phosphate-buffered saline (PBS), washed in PBS, and permeabilized by 0.2% Triton X-100. Then the 3Ј-nick ends were labeled with fluorescein-12-dUTP by incubating in the terminal deoxynucleotidyl transferase buffer. Specimens in which terminal deoxynucleotidyl transferase was omitted served as a negative control, and a DNasetreated specimen served as a positive control. Propidium iodide (1 g/ml) was used to counterstain the nuclei. At least 600 cells from three different fields were examined in each experiment, and the cell death was expressed as a percentage of TUNEL-positive cells.
DNA Isolation and Ladder Detection by Agarose Gel Electrophoresis-Both attached and floating cells of HUVECs (3 ϫ 10 5 cells) were combined and collected at the indicated time after homocysteine treatment. Their chromosomal DNA was extracted using a kit from Wako (Osaka, Japan). DNA (1 g) was labeled at room temperature for 10 min using 1 unit of Klenow fragment of DNA polymerase in a total of 10 l containing 0.5 Ci of [␣- 32 P]dATP (6000 Ci/mmol; Amersham Pharmacia Biotech) and separated on a 1.8% agarose gel with TAE (40 mM Tris-acetate, 1 mM EDTA) as the running buffer. After they were fixed with 10% acetate for 60 min and dried on Whatmann 3 MM paper, fragmented DNA bands were visualized using a BAS 2500 image analyzer (Fuji Photo Film Co., Japan).
Measurement of Caspase 3 or Caspase-like Activity-Caspase 3 or caspase-like activity was assayed by the colorimetric method using a CaspACE assay system from Promega. HUVECs (3 ϫ 10 5 cells) were harvested 6 and 12 h after incubation with 3 mM homocysteine in the presence or absence of 20 M zVAD-fmk, washed in cold PBS, and resuspended in cell lysis buffer. After freezing and thawing and centrifugation at 15,000 ϫ g for 20 min, cell supernatants (25 g of protein) were incubated with 200 M Ac-DEVD-p-nitroanilide at 37°C for 4 h. Substrate hydrolysis was measured by absorbance at 405 nm. Protein concentration was determined by the Lowry method (34) using bovine serum albumin as a standard.
Fluorescence-activated Cell Sorting Analysis-HUVECs (3 ϫ 10 5 cells) were incubated in the presence of 3 mM homocysteine at 37°C for 24 h. The attached cells and floating cells were combined, washed twice with PBS, and permeabilized by 0.1% Triton X-100. After they were stained with propidium iodide (50 g/ml), the cells were subjected to fluorescence-activated cell sorting analysis of DNA content. The percentage of cells with a sub-G 1 DNA content was taken as a measure of the apoptotic rate of the cell population.
Northern Blot-After treatment of HUVECs (3 ϫ 10 5 cells) with the indicated agents, total RNA was isolated by an acid guanidinium thiocyanate/phenol/chloroform extraction method using Isogen (Nippon Gene, Japan). Total RNA (10 g) was analyzed for Northern blot as described (33) . cDNAs for human CHOP, GRP78, heat shock protein 70 (Hsp70), and glyceraldehyde 3-phosphate dehydrogenase were radiolabeled with [␣-32 P]dCTP (6000 Ci/mmol; Amersham Pharmacia Biotech) using a random primer labeling kit (Takara, Otsu, Japan) and employed as probes.
Preparation of Whole Cell Extracts-HUVECs (3 ϫ 10 5 cells) treated as indicated were washed in PBS, resuspended in 50 l of lysis buffer (50 mM Hepes-KOH, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 0.1 mM phenylmethanesulfonyl fluoride, 10 g/ml each leupeptin and aprotinin, 200 M sodium vanadate, 100 mM NaF, and 10% glycerol), and incubated on ice for 10 min. The cells were centrifuged at 10,000 rpm for 10 min, and the supernatant was taken as whole cell extract. The amounts of protein were measured by the Lowry method (34) .
Western Blot-Whole cell extracts (20 g of protein) of HUVECs were separated on an SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane. After blocking with PBS containing 5% skimmed milk, the membrane was incubated with the indicated primary antibody in the same buffer. After washing, the membrane was further incubated with alkaline phosphatase-conjugated anti-IgG antibody. The reacted band was visualized by chemiluminescence as in the protocol from Tropix Inc. (Bedford, MA).
Luciferase Assay-HUVECs were grown to 70 -80% confluence in a 35-mm dish (3 ϫ 10 5 cells) prior to transfection. Cells were cotransfected with pBip-luciferase or pGADD-luciferase reporter plasmid (1 g) in the presence of either pED-hIRE1⌬C or mIRE1␤⌬C plasmid (1 g). Empty vectors represented those without insert for each expression plasmid. After incubation for 24 h, the cells were treated with 3 mM homocysteine for another 12 h. Cell extracts were obtained, and the supernatants were assayed for firefly and sea pansy luciferase activity using a dual luciferase reporter assay system (Promega, Madison, WI) as described (33) . pRL-CMV (Toyo Ink, Tokyo, Japan) containing the sea pansy luciferase gene was used as an internal control of transfection and expression. Immunostaining of Cells-HUVECs treated as described in the legend to Fig. 6C were fixed and immunostained for GRP78/94 and CHOP using anti-KDEL or anti-CHOP antibody and Texas Red-conjugated goat anti-mouse or anti-rabbit immunoglubulin G antibody as described (33) . For staining of nuclei, cells were treated with 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) from nacalai tesque.
Statistical Analysis-Quantitative data were expressed as mean Ϯ S.D. Statistical analysis was performed with Student's t test. Differences were considered significant when probability values were Ͻ0.05.
RESULTS
Homocysteine Induces Cell Death in Cultured HUVECs-To examine the effect of homocysteine on the viability of endothelial cells, we performed the TUNEL assay of homocysteinetreated HUVECs. Homocysteine induced the appearance of TUNEL-positive cells, which exhibited the morphological features of decreased size with highly condensed and fragmented nuclei (Fig. 1A, panel b) . In contrast, very few TUNEL-positive cells were observed in the control cells (panel a). Homocysteinetreated cells also showed the positive annexin-V staining (data not shown). Then we isolated chromosomal DNA from homocysteine-treated cells, and examined them by agarose gel electrophoresis. The characteristic pattern of DNA ladder formation was observed (Fig. 1B) .
These data demonstrate that homocysteine induced apoptosis in cultured HUVECs.
Homocysteine Activates Caspase 3 or a Caspase-like Protease(s)-
The caspase family of cysteine proteases is implicated in the programmed cell death of numerous cell types. Thus, we examined the caspase 3 or caspase-like activity in homocysteine-treated cells. Homocysteine increased caspase 3 activity, FIG. 2 . Homocysteine treatment activates caspase 3 or a caspase-like activity. A, HUVECs were incubated with 3 mM homocysteine in the absence (Hcys) or presence (Hcys ϩ zVAD-fmk) of 20 M zVAD-fmk for 6 h (solid columns) and 12 h (dotted columns). Cell extracts were prepared and assayed for caspase-like activity as under "Experimental Procedures." The activity of cells incubated in the absence of homocysteine served as control. The data represent the mean of three independent experiments with S.E. bars. Compared with control, caspase 3 activation was statistically significant (*, p Ͻ 0.01). B, whole cell extracts (20 g of protein) from HUVECs incubated with 3 mM homocysteine for the indicated periods were separated on 15% SDSpolyacrylamide gel electrophoresis and immunoblotted using monoclonal antibody against anti-procaspase 3. Control was extract of HUVECs incubated in the absence of homocysteine for 24 h. C, HUVECs preincubated with the indicated amounts of zVAD-fmk for 1 h were treated with 1 or 3 mM homocysteine for 12 h. Cell death was assayed by the TUNEL method. Results are the mean of three independent experiments with S.E. bars. Dimethyl sulfoxide (DMSO) was a solvent used for zVAD-fmk. The inhibition of cell death by zVAD-fmk was statistically significant (*, p Ͻ 0.05; **, p Ͻ 0.01). which was suppressed by a broad spectrum caspase inhibitor, zVAD-fmk ( Fig. 2A) . Furthermore, homocysteine induced cleavage of procaspase 3 to smaller fragments of ϳ20 kDa (Fig.  2B) . Pretreatment of HUVECs with zVAD-fmk efficiently suppressed the homocysteine-induced cell death in a dose-dependent manner (Fig. 2C) .
These data together indicate that homocysteine induces programmed cell death in HUVECs, and the activation of caspase 3 or a caspase-like protease(s) is involved in the process.
Homocysteine Induces Cell Death in HUVECs and Human Aortic Endothelial Cells but Not in HASMCs-
The effect of homocysteine on vascular cells was examined using the flow cytometric analysis. The number of HUVECs at the sub-G 1 region (i.e. hypodiploid) increased after 24 h of treatment with homocysteine (Fig. 3A) . Concomitantly, the number of cells in S phase decreased, while those in G 1 increased and those in G 2 /M were not affected (Fig. 3B) . The effect was nearly suppressed in the presence of zVAD-fmk. We further examined the homocysteine effect in human aortic endothelial cells and observed a similar increase of sub-G 1 cells (data not shown). In contrast, homocysteine did not increase the number of sub-G 1 cells in HASMCs (Fig. 3B) .
TUNEL assay also showed no increase of cell death of HASMCs by homocysteine (data not shown). These data indicate that homocysteine caused cell death of endothelial cells, but it appeared not to cause cell death in vascular smooth muscle cells.
Cell Death Induced by Homocysteine Is Specific and Is Not Mediated by Reactive Oxygen
Intermediates-To investigate the specificity of homocysteine effect, various compounds were tested for their ability to induce cell death in HUVECs. Neither homocystine (the disulfide form of homocysteine), cysteine, cystine, dithiothreitol, nor ␤-mercaptoethanol induced cell death (Fig. 4A) . This indicated that the effect was highly specific for homocysteine. Homocysteine has been reported to cause cell lysis when copper ion (4 -5 M) was present in medium (16, 19, 25) . Because significantly less copper ion (8 nM or less) was present in the medium of our experiments, it is unlikely that this oxidative signal was involved in our assay. To obtain evidence for this, the effects of active oxygen scavenger, Nacetyl-L-cysteine (NAC), ascorbic acid, ␣-tocopherol, and exogenously added catalase were examined. These agents showed no inhibition of homocysteine-induced cell death (Fig. 4A) . Furthermore, Hsp70, which is highly induced by oxidative stress in human endothelial cells (24, 35) , was not induced by homocysteine. In contrast, Hsp70 was highly induced by hydrogen peroxide, and its induction was efficiently suppressed by pretreatment of cells with NAC (Fig. 4B) .
Thus, it appeared unlikely that the homocysteine-induced cell death was mediated by generating reactive oxygen species.
ER Stress Inducers Activate Apoptosis in Cultured HUVECs-Homocysteine activated a response very similar to the UPR, a response activated by a variety of ER stress inducers (22) (23) (24) (25) . To investigate the involvement of ER stress in the homocysteine-induced cell death, we examined the effects of putative ER stress inducers. Whereas tunicamycin inhibits N-linked glycosylation, thapsigargin and A23187 deplete calcium from the ER lumen. However, both agents induce the UPR. All of these ER stressors significantly increased the number of hypodiploid cells (sub-G 1 cells in Fig. 5A ). The ER stress inducers and homocysteine also induced the expression of GRP78 and CHOP monitored by Northern blot and Western blot analysis (Fig. 5B) . In contrast, ATF2, which is ubiquitously expressed, was present in an apparently equal amount in these cells and served as an internal control. 
FIG. 4. Homocysteine-induced cell death is specific and appears not to involve oxidative stress.
A, HUVECs were incubated with 3 mM homocysteine and 10 mM each homocystine, cysteine, cystine, dithiothreitol, ␤-mercaptoethanol, and NAC for 12 h, and cell death was assayed as in Fig. 1A . For the effect of active oxygen scavenger, cells were preincubated with 10 mM NAC, 0.1 mM ascorbic acid, 30 M ␣-tocopherol for 2 h and then stimulated by 3 mM homocysteine for 12 h. For the effect of catalase, cells were incubated with 3 mM homocysteine in the presence of 2500 units/ml catalase. B, HUVECs preincubated with or without 10 mM NAC for 2 h were treated with 3 mM homocysteine for 6 h or with 50 M hydrogen peroxide for 2 h. Cells treated with hydrogen peroxide were further incubated in the absence of hydrogen peroxide for 4 h. Total RNA was prepared and assayed for Hsp70 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA by Northern blot as under "Experimental Procedures."
These data suggested that homocysteine activated the UPR, leading to cell death in HUVECs.
Activation of GRP78 and CHOP in Homocysteine-treated HUVECs Is Dependent on IRE1-The ER-resident protein kinase IRE1 senses ER stress and transduces a signal from the ER lumen to the nucleus (27, 28) . The data above (Fig. 5B ) and previous reports (22) (23) (24) (25) demonstrated that the homocysteineinduced expression of GRP78/Bip and CHOP/GADD153 most likely result from the UPR induced by ER stress. To directly test whether IRE1 plays an essential role in this pathway, we overexpressed the C-terminally truncated forms of IRE1␣ and IRE1␤ (Fig. 6A ) and examined their effects on the homocysteine-induced activation of GRP78-and CHOP-luciferase reporter genes. These mutant IRE1 molecules, which lack both protein kinase and RNase domains at the C termini, downregulated the UPR by ER stress in a dominant negative manner (27, 28) . Homocysteine caused the activation of both reporter genes in HUVECs, and overexpression of the mutant IRE1␣ and IRE1␤ efficiently prevented the induction of both genes in response to homocysteine (Fig. 6B) . Next, the effect of IRE1 mutant on the induction of endogenous GRP78 and CHOP proteins was examined. Both proteins were activated by homocysteine, and this induction was significantly suppressed in cells that were transfected with the mutant IRE1 (Fig. 6C) .
These data indicated that the activation of GRP78 and CHOP by homocysteine required the ER-resident kinase IRE1 and support the conclusion that IRE1 is a proximal sensor of ER stress by homocysteine.
Dominant Negative IRE1␣ and -␤ Suppress Homocysteineinduced Cell Death in HUVECs-ER stress is also linked to the development of programmed cell death (28, 31, 36) . The data above together suggested that ER stress induced by homocysteine might be the cause for cell death in HUVECs. To test this possibility, we examined the effect of overexpression of Cterminally truncated IRE1 on the homocysteine-induced cell death. These mutant IRE1s both significantly suppressed the homocysteine-induced cell death (Fig. 7A) . These results suggest that homocysteine-induced cell death is mediated by a signal transduction pathway involving the ER-resident kinase IRE1. The C-terminal region of IRE1 contains both kinase and RNase domains that are required for UPR activation (27, 28, 32) . To further examine the significance of these domains of IRE1 in the homocysteine-induced cell death, we overexpressed point mutants of IRE1 that lack the kinase or RNase activity and stimulated cells with homocysteine. The kinase-defective mutant K599A of IRE1␣ showed modest inhibition of the homocysteine-induced cell death compared with empty vector (Fig. 7B) . In contrast, the RNase mutants, D847A, K907A, G923A, D927A, and Y932A, more effectively suppressed the cell death. For IRE1␤, the RNase mutant K843A exhibited significant inhibition of cell death, although the kinase mutant K536A showed a small inhibition (Fig. 7C) . We next tested whether IRE1 mutants could also suppress cell death by other ER stress inducers. Results showed that the RNase mutant of IRE1␣ and -␤ exhibited significant inhibition of cell death by tunicamycin, thapsigargin, and A23187, although the kinase mutant showed less inhibition (Fig. 7D) .
These results indicate that IRE1 is involved in cell death of HUVECs by homocysteine and other ER stress inducers, and that the RNase domain of IRE1 plays a more important role than the kinase activity in this process.
Homocysteine-induced Cell Death Is More Closely Connected to Induction of CHOP than GRP78/94 -To understand the molecular connection between the induction of stress proteins and cell death by homocysteine, we next examined the effects of different concentrations of homocysteine. Homocysteine at 0.25-0.5 mM induced cell death over the control, and the effect was more prominent at high concentrations of homocysteine (1-3 mM) (Fig. 8A) . The molecular chaperones, GRP78 and GRP94, were activated at a concentration of 0.25-0.5 mM, although their induction increased in a dose-dependent manner. In contrast, CHOP was barely activated at 0.25-0.5 mM, but its induction became significant at 1-3 mM homocysteine (Fig. 8B) .
These data suggest that CHOP may be more closely related to cell death than the level of GRP78/94.
DISCUSSION
In the present study, we demonstrated that homocysteine induces ER stress in HUVECs, thereby activating programmed cell death. Moreover, the ER-resident protein kinase IRE1 played a functional role in this process. Several laboratories reported that homocysteine causes growth arrest of endothelial cells (25, 37, 38) , but direct evidence of programmed cell death has not been provided. We used a combination of cytological and biochemical assays to show that homocysteine induces programmed cell death in cultured HUVECs.
Previous studies report that homocysteine adversely affects the function of ER (22) (23) (24) (25) . For instance, homocysteine alters the redox potential of ER, thereby preventing cell surface expression of thrombomodulin (7) and causing aberrant protein processing and secretion of von Willebrand factor (8) . We propose that disrupted ER function might underlie the homocysteine-induced cell death. In support for this hypothesis, several well known inducers of ER stress also induced endothelial cell death (Fig. 5A) . It is intriguing to note that tunicamycin, an inhibitor of N-linked glycosylation of proteins in the ER, induced a similar extent of cell death to that by homocysteine. Thus, it might be possible that homocysteine reduced disulfide bonds of proteins and caused accumulation of malfolded proteins in the ER. In the present study, the dominant negative IRE1␣ and IRE1␤ suppressed not only the homocysteineinduced activation of GRP78/Bip and CHOP/GADD153 (Fig. 6) 
FIG. 5. ER stress inducers activate cell death in HUVECs.
A, HUVECs were incubated with 3 mM homocysteine, 10 g/ml tunicamycin, and 2 M each thapsigargin and A23187 for 24 h and assayed by flow cytometry as in Fig. 3 . The values represent the mean Ϯ S.D. from three independent experiments (n ϭ 6). *, p Ͻ 0.05; **, p Ͻ 0.01 versus control. B, total RNA (10 g) of HUVECs treated as in A for 6 h was assayed for CHOP, GRP78, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA by Northern blot. Whole cell extracts (20 g of protein) of HUVECs treated for 12 h were also separated on SDSpolyacrylamide gel electrophoresis for Western blot analysis using antibodies specific to CHOP, GRP78, GRP94 (indicated by an asterisk), and ATF2 as described under "Experimental Procedures." but also the homocysteine-induced cell death (Fig. 7) . This indicates that homocysteine induces ER stress, leading to IRE1 activation with subsequent cell death. More recently, it was reported that the endoribonuclease activity of IRE1 is required for the UPR, although the requirement of the kinase activity was not essential (32) . In accordance with this, point mutants of IRE1 with defective RNase activity more efficiently suppressed the homocysteine-induced cell death than kinasedefective mutants. Furthermore, cell death by other ER stress was also suppressed more significantly by RNase-defective IRE1 (Fig. 7) . Thus, the functional role of the RNase domain of IRE1 may be a generalized feature in cell death by ER stress. In this regard, it would be intriguing to determine whether IRE1 mutants inhibit apoptosis via other pathways, and this is an issue of future investigation.
The molecular signaling mechanism that links the activation of IRE1 to downstream caspase to execute cell death remains largely unknown. However, the induction of CHOP/GADD153 correlates with ER stress-induced cell death (30, 31) . It forms heterodimers with members of the C/EBP family of transcription factors that act to dominant negatively inhibit gene transcription (39) . Since the leucine-zipper region of the factor was essential for inducing G 1 /S arrest (40) , CHOP/GADD153 causes programmed cell death possibly by functioning as a transcriptional repressor. In the present study, CHOP expression was induced by homocysteine in HUVECs (Fig. 5) , and this response was inhibited by expression of the dominant negative IRE1 (Fig. 6) . Furthermore, its induction was more correlated to cell death (Fig. 8) . Thus, CHOP/GADD153 may play a role in the homocysteine-induced cell death of HUVECs. Signals other than CHOP expression might be also implicated in homocysteine-induced cell death. For example, attenuation of protein synthesis through ER stress could contribute to activation of death process. In fact, the transmembrane ER-resident kinase PERK is activated to phosphorylate eukaryotic translation initiation factor-2␣ in response to ER stress, which leads to inhibition of translation of mRNA into protein (41) . Failure to express essential cell surface receptors due to ER stress might result in triggering a death signal through growth factor deprivation, and the changes that occur in intracellular Ca 2ϩ dynamics may also contribute to the process. Furthermore, we have previously shown that homocysteine caused a rapid and sustained activation of JNK (33) . In our preliminary experiments, ER stress inducers also caused the activation of JNK, and its activation was correlated to cell death in the homocysteine-treated HUVECs. 2 In accordance with this, JNK was activated by ER stress through binding of IRE1 to TRAF2 (29) , an adaptor protein that couples plasma membrane receptors to the activation of JNK. This mechanism might be also implicated in the homocysteine-induced cell death, because persistent activation of JNK is nearly always associated with cell death (42, 43) . In addition to these factors with proapoptotic activity, expression of antiapoptotic factor such as GRP78/Bip is also activated by ER stress (Fig. 5B) . Overexpression of GRP78/Bip attenuates the cell death-promoting effect of calcium ionophore that induces the UPR (44) , and interfering with the induction of GRP78/Bip, by means of antisense constructs, renders the cells more sensitive to conditions that trigger a UPR (45, 46) . Katayama et al. (47) reported that presenilin-1 mutations down-regulate the expression of GRP78/Bip and cause neuronal cell death. They also showed that overexpression of the IRE1 mutant further aggravated neuronal cell death by tunicamycin and A23187. This is apparently opposite to our findings that IRE1 mutant suppressed cell death (Fig. 7) . Although this effect might be cell type-specific, the effect of the IRE1 mutant could depend on its expression level. Stable cell lines that were used by Katayama expressed only a 2-3 times higher level of IRE1 mutant than endogenous protein, 3 while cells expressed a much higher level of IRE1 mutant protein in our transient expression study. It is possible that GRP78, an antiapoptotic factor, was rather selectively suppressed at a low level of IRE1 mutant but that other apoptotic factors such as CHOP and JNK were also suppressed by a high level expression of IRE1 mutant. Thus, multiple overlapping pathways, both proapoptotic and antiapoptotic, which are provoked by ER stress and mediated through IRE1, might be implicated in cell death induced by homocysteine. We argue that GRP78 might protect cells from apoptosis at low levels of homocysteine, but other proapoptotic factors are also activated at high concentrations of homocysteine.
What is the in vivo significance of the homocysteine-induced cell death of HUVECs examined in this study? The ER stress induced by homocysteine is unlikely to be the sole and major signal for endothelial cell injury in vivo, because significant activation of the UPR required higher concentrations of homo-3 K. Imaizumi, personal communication. cysteine than those found in the pathophysiologic range of moderate and intermediate hyperhomocysteinemia (0.015-0.1 mM). However, we speculate that it is not the extracellular but the intracellular level of homocysteine that causes the ER stress. A significant increase of intracellular homocysteine was observed only when HUVECs were exposed to a high extracellular concentration of 5 mM homocysteine (24) . This suggests that intracellular enzyme activities such as cystathionine ␤-synthase or 5,10-methylenetetrahydrofolate reductase are critical in regulating the intracellular homocysteine concentration. Indeed, endothelial cells possess very little cystathionine ␤-synthase activity (48) , and cells heterozygous for this enzyme deficiency are more sensitive to homocysteine than normal cells (49) . Thus, homocysteine-induced cell death mediated through ER stress might occur in a patient with severe hyperhomocysteinemia due to homozygous enzyme deficiency where the total plasma concentration of homocysteine increases up to 40-fold (1, 18) . Moreover, the present study does not exclude the importance of oxidative stress, because homocysteine caused oxidative cell injury in the presence of copper ion (16 -19) and suppressed the expression of antioxidant enzymes such as glutathione peroxidase and superoxide dismutase (21, 25) . It is further speculated that the mechanism by which homocysteine damages endothelial cells is multifactorial and involves several signal transduction pathways and gene expression, including oxidative, reductive ER stress as reported here, and yet undefined mechanisms.
In summary, the present study provides in vitro evidence that homocysteine activates programmed cell death of HUVECs through induction of the UPR that is signaled through the ER-resident kinase IRE1. This might represent a signaling pathway from homocysteine to the nucleus mediated by homocysteine-induced ER stress. This novel pathway mediating endothelial cell injury associated with severe hyperhomocysteinemia may provide a specific target for therapeutic intervention.
